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©  Method  of  applying  continuously  graded  metallic-ceramic  layer  on  metallic  substrates. 

  Methods  of  coating  metallic  substrates  with  contin- 
uously  graded  metallic-ceramic  material  are  disclosed.  The 
method  maintains  low  stress  to  strength  ratios  across  the 
depth  of  the  graded  layer  when  the  graded  layer  is  under 
subsequent  operative  conditions.  In  one  particular  structure, 
the  coating  is  applied  to  a  metal  substrate  and  includes  a 
metallic  bond  to  coat  a  continuously  graded  metallic-ceramic 
layer  and  an  outer  layer  of  abradable  ceramic  material. 
Modulation  of  the  metal  substrate  temperature  during  the 
coating  process  establishes  a  desired  residual  stress  pattern 
in  the  graded  layer. 





T h i s   i n v e n t i o n   r e l a t e s   to   g r a d e d   m e t a l c e r a m i c   l a y e r s  

on  m e t a l l i c   s u b s t r a t e s   and  p a r t i c u l a r l y   to  t h o s e   g r a d e d  

l a y e r s   w h i c h   v a r y   c o n t i n u o u s l y   f rom  a  p r e d o m i n a t e l y   m e -  

t a l l i c   to   a  p r e d o m i n a t e l y   c e r a m i c   c o m p o s i t i o n .   The  c o n -  

c e p t s   were   d e v e l o p e d   in  t h e   gas   t u r b i n e   e n g i n e   i n d u s t r y  

f o r   use   of  f a b r i c a t i o n   of  t u r b i n e   o u t e r   a i r   s e a l s   b u t   h a v e  

a  w i d e r   a p p l i c a b i l i t y   b o t h   w i t h i n   t h i s   i n d u s t r y   and  o t h e r s  

as  w e l l .  

In  m o d e r n   gas   t u r b i n e   e n g i n e s   w o r k i n g   med ium  g a s e s  

h a v i n g   t e m p e r a t u r e s   i n , e x c e s s   of  2 , 0 0 0 ° F   a r e   e x p a n d e d  

a c r o s s   rows  of   t u r b i n e   b l a d i n g   f o r   e x t r a c t i o n   of  p o w e r  
t h e r e f r o m .   A  s h r o u d ,   t e r m e d   an  o u t e r   a i r   s e a l ,   c i r c u m -  

s c r i b e s   e a c h   row  of  t u r b i n e   b l a d i n g   t o   i n h i b i t   l e a k a g e   o f  

w o r k i n g   med ium  g a s e s   o v e r   t h e   b l a d e   t i p s .   The  l i m i t a t i o n  

of  t h e   l e a k a g e   of  t h e   w o r k i n g   med ium  g a s e s  i s   c r u c i a l   t o  

t h e   a c h i e v e m e n t   of  h i g h   e f f i c i e n c i e s   in   s u c h   e n g i n e s .   T h e  

g r a d e d   c e r a m i c   s e a l s   d e s c r i b e d   h e r e i n   w e r e   d e v e l o p e d   f o r  

s p e c i f i c   a p p l i c a t i o n   in  gas   t u r b i n e   o u t e r   a i r   s e a l s ,  

a l t h o u g h   o t h e r   a p p l i c a t i o n s   a r e   c l e a r l y   p o s s i b l e .   D u r a b l e  

s e a l s   c a p a b l e   of   l o n g - t e r m ,   r e l i a b l e   s e r v i c e   in   t h e  

h o s t i l e   t u r b i n e   e n v i r o n m e n t   we re   r e q u i r e d .   S p e c i f i c a l l y  

s o u g h t   we re   h i g h   t e m p e r a t u r e   c a p a b i l i t y   and  good   r e -  

s i s t a n c e   to   t h e r m a l   s h o c k .   In  a d d i t i o n ,   t h e   s e a l   m a t e r i a l  

mus t   h a v e   a d e q u a t e   s u r f a c e   a b r a d a b i l i t y   to   p r e v e n t   d e -  

s t r u c t i v e   i n t e r f e r e n c e   upon   o c c u r r e n c e   of   r u b b i n g   c o n t a c t  

of  t h e   s e a l s   by  t h e   c i r c u m s c r i b e d   t u r b i n e   b l a d i n g .  

U .S .   P a t e n t   Nos .   3 , 0 9 1 , 5 4 8   to   D i l l i o n   e n t i t l e d  

"High   T e m p e r a t u r e   C o a t i n g s " ;   3 , 8 7 9 , 8 3 1   to   R i g n e y   e t   a l  

e n t i t l e d   " N i c k e l   Base   High   T e m p e r a t u r e   A b r a d a b l e  

M a t e r i a l " ;   3 , 9 1 1 , 8 9 1   to   D o w e l l   e n t i t l e d   " C o a t i n g   f o r   M e -  

t a l   S u r f a c e s   and  M e t h o d   f o r   A p p l i c a t i o n " ;   3 , 9 1 8 , 9 2 5   t o  

McComas  e n t i t l e d   " A b r a d a b l e   S e a l " ;   3 , 9 7 5 , 1 6 5   to   E l b e r t  



e t   a l   e n t i t l e d   " G r a d e d   M e t a l - t o - C e r a m i c  

S t r u c t u r e   f o r   High  T e m p e r a t u r e   A b r a d a b l e   S e a l  

A p p l i c a t i o n s   and  a  M e t h o d   of  P r o d u c i n g   Same"  a n d  

4 , 1 0 9 , 0 3 1   to   M a r s c h e r   e n t i t l e d   " S t r e s s   R e l i e f   o f  

M e t a l - C e r a m i c   Gas  T u r b i n e   S e a l s "   a r e  

r e p r e s e n t a t i v e   of  t h e   known  c o n c e p t s   a p p l i c a b l e  

to  c e r a m i c   f a c e d   s e a l s .  

As  is   d i s c u s s e d   in  some  of   t h e   a b o v e  

r e f e r e n c e s   and  in  p a r t i c u l a r   d e t a i l   in  U . S .  

P a t e n t   No.  4 , 1 6 3 , 0 7 1   to   W e a t h e r l y   e t   a l   e n t i t l e d  

" M e t h o d   f o r   F o r m i n g   Hard  W e a r - R e s i s t a n t  

C o a t i n g s " ,   t h e   t e m p e r a t u r e   of  t he   m e t a l l i c  

s u b s t r a t e   to  w h i c h   t h e   c e r a m i c   c o a t i n g   i s  

a p p l i e d   may  be  p r e h e a t e d   to   c o n t r o l   e i t h e r  

r e s i d u a l   s t r e s s   or  c o a t i n g   d e n s i t y .   G e n e r a l l y ,  

s u c h   h e a t i n g   has   b e e n   to   a  u n i f o r m   u n i f o r m  

t e m p e r a t u r e .   U .S .   P a t e n t   No.  4 , 4 8 1 , 2 3 7   o f  

common  a s s i g n e e   w i t h   t h e   p r e s e n t   a p p l i c a t i o n ,  

d e s c r i b e s   t h e   p r o d u c t i o n   of   d i s c r e t e   l a y e r e d  

t u r b i n e   s e a l s   w h e r e i n   t h e   s e a l   i s   p r o d u c e d   b y  

p l a s m a   s p r a y i n g   d i s c r e t e   l a y e r s   of  e s s e n t i a l l y  

f i x e d   c o m p o s i t i o n   on  a  m e t a l l i c   s u b s t r a t e   w h i l e  

s i m u l t a n e o u s l y   v a r y i n g   t h e   s u b s t r a t e  

t e m p e r a t u r e .  

A l t h o u g h   many  of  t h e   m a t e r i a l s   and  m e t h o d s  

d e s c r i b e d   in  t h e   a b o v e   p a t e n t s   a r e   known  to  b e  

h i g h l y   d e s i r a b l e ,   t h e   s t r u c t u r e s   r e s u l t i n g  

t h e r e f r o m   have   y e t   to   a c h i e v e   f u l l   p o t e n t i a l ,  

p a r t i c u l a r l y   in  h o s t i l e   e n v i r o n m e n t   a p p l i c  

t i o n s .   S i g n i f i c a n t   r e s e a r c h   i n t o   y e t   i m p r o v e d  

m a t e r i a l s   and  m e t h o d s   c o n t i n u e s .  



D i s c l o s u r e   of  I n v e n t i o n  

A c c o r d i n g   to  t h e   p r e s e n t   i n v e n t i o n   a  

c o n t i n o u s l y   g r a d e d   of  m e t a l - c e r a m i c   m a t e r i a l  

h a v i n g   an  i n c r e a s e   in  c e r a m i c   c o n t e n t   i s   a p p l i e d  

to   a  m e t a l   s u b s t r a t e   u n d e r   c o n d i t i o n s   of  v a r y i n g  

s u b s t r a t e   t e m p e r a t u r e .   An  i n i t i a l   m e t a l l i c   b o n d  

c o a t   i s   a p p l i e d   a t   an  e l e v a t e d   t e m p e r a t u r e .   T h e  

s u b s t r a t e   t e m p e r a t u r e   is   t h e n   r e d u c e d   and  t h e  

c o n t i n o u s l y   g r a d e d   m e t a l - c e r a m i c   l a y e r   i s  

a p p l i e d .   D u r i n g   t h e   d e p o s i t i o n   of  t h e  

c o n t i n u o u s l y   g r a d e d   l a y e r   t h e   s u b s t r a t e  

t e m p e r a t u r e   i s   i n c r e a s e d   g e n e r a l l y   in  p r o p o r t i o n  

to   t h e   c e r a m i c   c o n t e n t   and  a t   t he   o u t e r   p o r t i o n  

of   t he   g r a d e d   c o a t i n g   t he   s u b s t r a t e   t e m p e r a t u r e  

i s   h i g h e r   t h a n   t h e   s u b s t r a t e   t e m p e r a t u r e   d u r i n g  

t h e   i n i t i a l   bond  c o a t .  

An  o u t e r   a l l   c e r a m i c   l a y e r   is  a  p r e f e r r e d  

i n v e n t i v e   f e a t u r e ,   and  the   o u t e r   p o r t i o n   of  t h i s  

l a y e r   p r e f e r a b l y   c o n t a i n s   i n t e n t i o n a l   p o r o s i t y  

to   p r o v i d e   a b r a d a b i l i t y .  

A  p r i m a r y   f e a t u r e   of  t he   p r e s e n t   i n v e n t i o n  

i s   t h e   c o n t r o l   of  t h e r m a l   s t r a i n   m i s m a t c h .  

S u b s t r a t e   t e m p e r a t u r e   c o n t r o l   d u r i n g   t h e   c o a t i n g  

p r o c e s s   e s t a b l i s h e s   a  c h a r a c t e r i s t i c   t e m p e r a t u r e  

a t   e a c h   p o i n t   w i t h i n   t h e   c o a t e d   p a r t   a t   w h i c h  

t h e   m a t e r i a l   a t   t h a t   p a r t   of  t he   c o m p o n e n t   i s  

e s s e n t i a l l y   s t r e s s   f r e e .   C o n t r o l l e d   v a r i a t i o n  

of   t he   s u b s t r a t e   t e m p e r a t u r e   d u r i n g   t h e  

d e p o s i t i o n   of  t h e   c o n t i n u o u s l y   g r a d e d   l a y e r  

i n c o r p o r a t e s   a  p r e f e r r e d   d i s t r i b u t i o n   o f  



r e s i d u a l   s t r e s s   (o r   p r e s t r e s s )   t h r o u g h o u t   t h e  

l a y e r s .   The  r e s i d u a l   s t r e s s   d i s t r i b u t i o n  

t h r o u g h o u t   t he   c o n t i n u o u s l y   g r a d e d   l a y e r   i s  

s e l e c t e d   s u c h   t h a t   d u r i n g   o p e r a t i o n   of  t h e   p a r t ,  
f o r   e x a m p l e   in  a  g a s   t u r b i n e   e n g i n e ,   t he   t o t a l  

s t r e s s   o b s e r v e d   a t   any  p o i n t   in  t he   c o m p o n e n t ,  

t h e   t o t a l   s t r e s s   b e i n g  . t h e   s u m m a t i o n   of  t h e  

r e s i d u a l   s t r e s s   and  t h e   o p e r a t i o n a l l y   i m p l i e d  

s t r e s s ,   is  s i g n i f i c a n t l y   l e s s   t h a n   t h e   s t r e s s  

r e q u i r e d   to  c a u s e   f a i l u r e   of  t he   p a r t .   G r a d i n g  

is   a l s o   u s e d   when  t r a n s i t i o n s   a r e   made  b e t w e e n  

c e r a m i c s   and  w h e r e   p o r o s i t y   i s   i n t e n t i o n a l l y  

i n t r o d u c e d .  

H e a t i n g   of  t he   p a r t   in  t he   o p e r a t i v e  

e n v i r o n m e n t   c a u s e s   r e l a x a t i o n   of  t h e   r e s i d u a l  

c o m p r e s s i v e   s t r e s s e s   and  w h i l e   f u r t h e r   h e a t i n g  

may  i n d u c e   t e n s i l e   s t r e s s e s   in  t h e  

m e t a l l i c - c e r a m i c   l a y e r   t h e   m a g n i t u d e   of  s u c h  

s t r e s s e s   is  a l w a y s   w e l l   b e l o w   t h a t   r e q u i r e d   t o  

c a u s e   f a i l u r e .  

A n o t h e r   f e a t u r e   of  t he   i n v e n t i o n   is   t h e  

c o n t r o l l e d   v a r i a t i o n   of  c o a t i n g   d e n s i t y   a n d  

s t r e n g h t ,   a s  a   f u n c t i o n   of  t h i c k n e s s ,   p r o d u c e d  

by  v a r y i n g   the   gun  to  s u b s t r a t e   r e l a t i o n s h i p .  

The  f o r e g o i n g   and  o t h e r   o b j e c t s ,   f e a t u r e s  

and  a d v a n t a g e s   of  t h e   p r e s e n t   i n v e n t i o n   w i l l  

b e c o m e   more  a p p a r e n t   f rom  t he   f o l l o w i n g  

d e s c r i p t i o n   of  t he   b e s t   mode  f o r   c a r r y i n g   o u t  

t h e   i n v e n t i o n   and  t h e   a c c o m p a n y i n g   d r a w i n g .  



B r i e f   D e s c r i p t i o n   of  D r a w i n g s  

F i g u r e   1  shows   t h e   c o m p o s i t i o n   t h r o u g h   t h e  

t h i c k n e s s   of  a  s e a l   a c c o r d i n g   to  t he   i n v e n t i o n ;  

F i g u r e   2  shows   t he   v a r i a t i o n   in  s u b s t r a t e  

t e m p e r a t u r e   d u r i n g   a p p l i c a t i o n   of  the   s e a l   o f  

F i g u r e   1 ;  

F i g u r e   3  shows   the   v a r i a t i o n   in  gun  t o  

s u b s t r a t e   d i s t a n c e   d u r i n g   t he   a p p l i c a t i o n   of  t h e  

s e a l   of  F i g u r e   1 ;  

F i g u r e   4  shows   c u m u l a t i v e   s t r a i n   t h r o u g h  

c o a t i n g   t h e   t h i c k n e s s ;  

F i g u r e   5  shows   s t r e s s - f r e e   t e m p e r a t u r e  

t h r o u g h   c o a t i n g   t h i c k n e s s ;   a n d  

F i g u r e   6  shows   s t r e s s - t o - s t r e n g t h   r a t i o s   o f  

t he   s e a l   a c c o r d i n g   to  t h e   i n v e n t i o n   and  a  p r i o r  

a r t   s e a l .  

B e s t   Mode  f o r   C a r r y i n g   Out  t h e   I n v e n t i o n  

The  r e q u i r e m e n t s   f o r   p r o d u c i n g   a  s u c c e s s f u l  

g r a d e d   m e t a l - c e r a m i c   s e a l   may  be  o r g a n i z e d   i n  

two  c a t e g o r i e s .   The  f i r s t   i s   t he   r e s i d u a l  

s t r a i n   w h i c h   may  be  b u i l t   i n t o   t he   s y s t e m  

t h r o u g h   c o n t r o l   of  s u b s t r a t e   t e m p e r a t u r e   d u r i n g  

p l a s m a   d e p o s i t i o n .   The  s e c o n d  r e l a t e s   to  t h e  

p h y s i c a l   r e q u i r e m e n t s   of  t h e   s e a l ,   p a r t i c u l a r l y  

c o m p o s i t i o n .   T h i s   i n v e n t i o n   i s   d i r e c t e d   a t   t h e  

f i r s t   c a t e g o r y ,   n a m e l y ,   t h e   c o n t r o l   of  r e s i d u a l  

s t r e s s   in  t h e   g r a d e d   m e t a l - c e r a m i c   l a y e r .  

A s p e c t s   of  t h e   s e c o n d   c a t e g o r y ,   t he   p h y s i c a l  

n a t u r e   of  t h e   s e a l   w i l l   be  d e s c r i b e d   a s  



n e c e s s a r y   to   p e r m i t   an  u n d e r s t a n d i n g   of  t h e   b e s t  

mode  of   p r a c t i c i n g   t h e   i n v e n t i o n .  

The  i n v e n t i o n   i n v o l v e s   t he   d e p o s i t i o n   o f  

m u l t i p l e   t h i n   l a y e r s   of  v a r i o u s   c o m p o s i t i o n s .  

P l a s m a   s p r a y i n g   i s   a  p r e f e r r e d   d e p o s i t i o n  

t e c h n i q u e   a l t h o u g h   a l t e r n a t i v e s   s u c h   as  f l a m e  

s p r a y i n g   a r e   k n o w n .  

F i g u r e   1  i l l u s t r a t e s   t h e   c o m p o s i t i o n   v e r s u s  

t h i c k n e s s   of   t h e   b e s t   s e a l   known  to  t h e  

i n v e n t o r s   a t   the   t i m e   of  t h e   f i l i n g   of  t h i s  

a p p l i c a t i o n .   S t a r t i n g   f r o m   t h e   s u b s t r a t e   a n d  

g o i n g   o u t w a r d s ,   t h e   X  a x i s   shows   s e a l   t h i c k n e s s  

in  m i l s   and  t he   t o t a l   s e a l   t h i c k n e s s   i s   a p p r o x -  

i m a t e l y   150  m i l s .   S i n c e   t h e   s e a l   is   d e p o s i t e d  

by  a  p l a s m a   d e p o s i t i o n ,   t h e   s e a l   t h i c k n e s s   w i l l  

v a r y   in  a  s t e p w i s e   f a s h i o n   f rom  one  l a y e r   to   t h e  

n e x t ,   h o w e v e r ,   s i n c e   e a c h   l a y e r   i s   o n l y   a b o u t   1 

m i l   t h i c k   t h e   c o n t i n u o u s   c u r v e   of  F i g u r e   1  i s   a  

more   t h a n   a d e q u a t e   d e s c r i p t i o n   of   t he   s e a l  

c o m p o s i t i o n .  

S t a r t i n g   f rom  t h e   s u b s t r a t e   t h e r e   i s   a n  

i n i t i a l   m e t a l l i c   bond  c o a t   w h i c h   may  b e ,   f o r  

e x a m p l e ,   a  c o m p o s i t i o n   known  as  Metco   4 4 3 ,   a  

c o m m e r c i a l l y   a v a i l a b l e   N i - C r - A l   c o m p o s i t i o n .  

F o l l o w i n g   t h e   d e p o s i t i o n   of   t he   bond  c o a t   t h e  

n e x t   20  m i l s   a r e   of  a  c o n s t a n t   c o m p o s i t i o n   o f  

60%  CoCrAlY  ( n o m i n a l   c o m p o s i t i o n   o f  

C o - 2 3 C r - 1 3 A l - 0 . 6 5 Y )   h a v i n g   a  p a r t i c l e   s i z e   o f  

- 1 0 0 + 3 2 5   U .S .   S t a n d a r d   S i e v e   and  40%  a l u m i n a .  

F o l l o w i n g   t h e   d e p o s i t i o n   of  t h i s   c o n s t a n t  

c o m p o s i t i o n   l a y e r ,   c o n t i n u o u s   g r a d i n g   o c c u r s  



o v e r   t he   n e x t   25  m i l s   or  so  u n t i l   a  c o m p o s i t i o n  
of  20%  CoCrAlY  and  80%  a l u m i n a   i s   r e a c h e d .   T h i s  

c o m p o s i t i o n   i s   m a i n t a i n e d   c o n s t a n t   f o r   a b o u t   10  

m i l s   t h e n   t h e   g r a d i n g   p r o c e s s   c o n t i n u e s   u n t i l   a  

c o m p o s i t i o n   of   100%  a l u m i n a   i s   a c h i e v e d .   One  

l a y e r   ( 1 + . 5   m i l )   of   100%  a l u m i n a   is   t h e n  

d e p o s i t e d ,   i t   h a v i n g   b e e n   f o u n d   t h a t   t he   a b s e n c e  

of  an  a l l   a l u m i n a   l a y e r   d e t r a c t s   f rom  o x i d a t i o n  

p e r f o r m a n c e   b u t   t h a t   m u l t i p l e   l a y e r s   a r e  

d e t r i m e n t a l   to   m e c h a n i c a l   b e h a v i o r .   F i n a l l y   a n  

o u t e r   l a y e r   of   z i r c o n i a   is   a p p l i e d   to  p r o v i d e  

a b r a d a b i l i t y   and  t e m p e r a t u r e   c a p a b i l i t y   ( A l 2 O 3  
m e l t s   a t   a b o u t   2000°C  w h i l e   ZrO2  m e l t s   a t   a b o u t  

2 7 0 0 ° C ) .   A l u m i n a   i s   a  h a r d e r ,   s t r o n g e r   m a t e r i a l  

t h a n   z i r c o n i a   and  a l u m i n a   as  t h e   o u t e r   l a y e r  

w o u l d   n o t   h a v e   t he   d e s i r e d   a b r a d a b l e   q u a l i t i e s .  

To  f u r t h e r   i n c r e a s e   t h e   a b r a d a b i l i t y   of  t h e  

z i r c o n i a   d e l i b e r a t e   p o r o s i t y   i s   i n d u c e d   in  t h e  

z i r c o n i a   in  t h e   o u t e r   p o r t i o n   t h e r e o f ,   p o r o s i t y  

on  t h e   o r d e r   of  a b o u t   19%.  T h i s   is  a c c o m p l i s h e d  

by  a d d i n g   a  f u g i t i v e   m a t e r i a l   ( s u c h   as  Metco   6 0 0  

p o l y e s t e r   or   D u P o n t ' s   L u c i t e ® )   to  t he   c e r a m i c  

m a t e r i a l   to   be  s p r a y e d   and  s u b s e q u e n t l y   a f t e r  

s p r a y i n g   r e m o v i n g   t h e   f u g i t i v e   by  b a k i n g   a t   a  

h i g h   t e m p e r a t u r e   to  v a p o r i z e   t h e   f u g i t i v e  

m a t e r i a l .  

A  v a r i e t y   of  bond  c o a t s   may  be  e m p l o y e d  

i n c l u d i n g   t h e   MCrAlY  t y p e   m a t e r i a l s   ( w h e r e   M  i s  

i r o n ,   n i c k e l   or   c o b a l t   or   m i x t u r e s   of  n i c k e l   a n d  

c o b a l t ) .   In  l i k e   m a n n e r   t h e   c e r a m i c   c o n s t i t u e n t  

is   n o t   l i m i t e d   to  a l u m i n a   or   z i r c o n i a   b u t   m a y  



i n c l u d e   o t h e r s   i n c l u d i n g   m u l l i t e   and  M g O ' A l 2 O 3  
s p i n e l .   The  m e t a l l i c   c o n s t i t u e n t   may  be  c h o s e n  

f r o m   a  b r o a d   g r o u p   of  o x i d a t i o n   r e s i s t a n t  

c o m p o s i t i o n   b u t   t h e   p r e v i o u s l y   m e n t i o n e d   M C r J A l Y  

m a t e r i a l s   a r e   p r e f e r r e d .  

F i g u r e   2  i l l u s t r a t e s   t h e   t e m p e r a t u r e  

c o n t r o l   of  t h e   s u b s t r a t e   w h i c h   is   e m p l o y e d  

d u r i n g   p l a s m a   s p r a y i n g   to   a t t a i n   t h e   d e s i r e d   a n d  

n e c e s s a r y   s u b s t r a t e   p r e s t r a i n   c o n d i t i o n s .   T h i s  

is   t h e   e s s e n c e   of  t he   p r e s e n t   i n v e n t i o n .   T h e  

s u b s t r a t e   t e m p e r a t u r e   i s   m a i n t a i n e d   a t   a  

r e l a t i v e l y   h i g h   l e v e l   d u r i n g   d e p o s i t i o n   of  t h e  

bond   c o a t   and  i s   t h e n   r e d u c e d .   T h e r e a f t e r   t h e  

s u b s t r a t e   t e m p e r a t u r e   i s   i n c r e a s e d   g e n e r a l l y   i n  

a p p r o x i m a t e   p r o p o r t i o n   to   t h e   c e r a m i c   c o n t e n t  

and  e v e n t u a l l y   r e a c h e s   a  l e v e l   a b o v e   t h a t  

e m p l o y e d   d u r i n g   d e p o s i t i o n   of  t h e   bond  c o a t   a n d  

t h e n   t a p e r s   o f f   d u r i n g   t h e   d e p o s i t i o n   of  t h e  

o u t e r   a b r a d a b l e   c e r a m i c   m a t e r i a l .   One  r e a s o n  

f o r   r e d u c i n g   t h e   s u b s t r a t e   t e m p e r a t u r e   w h i l e  

s p r a y i n g   t h e   a b r a d a b l e   S ( c e r a m i c + f u g i t i v e )   l a y e r  

is   to  e l i m i n a t e   t he   t e n d e n c y   of  t h e   f u g i t i v e   t o  

v a p o r i z e   i m m e d i a t e l y   upon   d e p o s i t i o n ,   t h e  

f u g i t i v e   m u s t   be  r e t a i n e d   d u r i n g   s p r a y i n g   i n  

o r d e r   to   p r o d u c e   p o r o s i t y .  

T e m p e r a t u r e   c o n t r o l   i s   o b t a i n e d   by  h e a t i n g  

t h e   s u b s t r a t e   w i t h   p r o p a n e   b u r n e r s .   T e m p e r a t u r e  

m e a s u r e m e n t s   and  c o n t r o l   is   a c c o m p l i s h e d   w i t h  

t h e r m o c o u p l e s   b o n d e d   to   t he   b a c k s i d e   of   t h e  

s u b s t r a t e .   A l t e r n a t i v e   h e a t i n g   s c h e m e s   s u c h   a s  

i n d u c t i o n   h e a t i n g   a r e   p o s s i b l e .  



The  i n h e r e n t l y   d i f f e r i n g   c o e f f i c i e n t s   o f  

t h e r m a l   e x p a n s i o n   b e t w e e n   t h e   c e r a m i c   m a t e r i a l  

and  t h e   m e t a l l i c   m a t e r i a l   a r e   a c c o m m o d a t e d   b y  
t h e   c o n t i n u o u s   g r a d i n g   of  t he   c o a t i n g   and  b y  

i n d u c i n g   c o n t r o l l e d   c o m p r e s s i v e   s t r a i n   d u r i n g  
t he   b u i l d u p   of  t he   g r a d e d   l a y e r .  

As  shown  in  F i g u r e   3  the   r e l a t i v e   gun  t o  

s u b s t r a t e   p o s i t i o n   is   v a r i e d   d u r i n g   s e a l  

d e p o s i t i o n   in  o r d e r   to  v a r y   t h e   d e n s i t y   a n d  

s t r e n g t h   of   t he   s e a l .   I t   is  g e n e r a l l y   d e s i r a b l e  

to  h a v e   h i g h e r   d e n s i t i e s   and  s t r e n g h t s   n e a r   t h e  

s u b s t r a t e .  

F i g u r e   4  i l l u s t r a t e s   a c c u m u l a t i v e   s t r a i n  

t h r o u g h   t h e   c o a t i n g ,   c h a r a c t e r i s t i c   of  p a r t s  
m a n u f a c t u r e d   a c c o r d i n g   to  t h e   i n f o r m a t i o n   i n  

p r e v i o u s l y   p r e s e n t e d   F i g u r e s   1  and  2.  The  g r a p h  

shows   i n c r e a s i n g   c o m p r e s s i v e   s t r a i n   m e a s u r e d   a t  

t he   b a c k   of  t h e   s u b s t r a t e   as  i n c r e m e n t a l   c h a n g e s  
in  c o a t i n g   d e p t h   a r e   made .   The  s m o o t h l y  

i n c r e a s i n g   s h a p e   of  t he   c u r v e   i n d i c a t e s   t he   l a c k  

of  d i s c o n t i n u i t i e s   in  t h e   p a r t   and  t h e   l a c k   o f  

s t r a i n   r e v e r s a l s .  

As  d i s c u s s e d   p r e v i o u s l y ,   t h e   c o a t i n g   i s  

d e s i g n e d   to   have   a  s t r e s s - f r e e   c h a r a c t e r i s t i c s  

p r e s e l e c t e d   t e m p e r a t u r e .   The  s t r e s s - f r e e  

t e m p e r a t u r e   i s   s e l e c t e d   to  be  i n t e r m e d i a t e   o f  

the   c o l d   c o n d i t i o n   and  t h e   maximum  t e m p e r a t u r e  
e n c o u n t e r e d   in  s e r v i c e .  

F i g u r e   5  i l l u s t r a t e s   t he   a p p r o x i m a t e  

s t r e s s - f r e e   t e m p e r a t u r e s   t h r o u g h   t he   t h i c k n e s s  

of  t h e   p a r t   and  a g a i n   t he   s m o o t h   n a t u r e   of  t h e  



c u r v e   is  i n d i c a t i v e   of  d u r a b l e   s t r u c t u r e .   A t  

t e m p e r a t u r e s   b e l o w   t he   s t r e s s - f r e e   t e m p e r a t u r e  

t he   m e t a l l i c   s u b s t r a t e   p o r t i o n   of  t he   s t r u c t u r e  

t e n d   t o w a r d s   t he   t e n s i l e   s t r e s s   c o n d i t i o n   a n d  

the   c e r a m i c   p o r t i o n   t e n d s   t he   c o m p r e s s i v e   s t r e s s  

c o n d i t i o n   w h i l e   a t   t e m p e r a t u r e s   a b o v e   t h e  

s t r e s s - f r e e   t e m p e r a t u r e   t he   m e t a l l i c   s u b s t r a t e  

t e n d s   t o w a r d s  t h e   c o m p r e s s i v e   c o n d i t i o n   of  t h e  

c e r a m i c   p o r t i o n   t e n d s   t o w a r d s   t he   t e n s i l e  

c o n d i t i o n .  

F i g u r e   6  is   an  i m p o r t a n t   f i g u r e   w h i c h  

i l l u s t r a t e s   t h e   b e n e f i t s   a c h i e v e d   a c c o r d i n g   t o  

t he   p r e s e n t   i n v e n t i o n .   F i g u r e   5  i l l u s t r a t e s   t h e  

s t r e s s - t o - s t r e n g t h   r a t i o   of  t h e   s e a l   w h o s e  

p r o d u c t i o n  w a s   p r e v i o u s l y   d e s c r i b e d   as  a  

f u n c t i o n   of  t h i c k n e s s   of  t h e   s e a l   u n d e r  

o p e r a t i o n a l   c o n d i t i o n s   in  a  gas   t u r b i n e   e n g i n e ,  

n a m e l y ,   u n d e r   a c c e l e r a t i o n   c o n d i t i o n s  

e n c o u n t e r e d   d u r i n g   t a k e o f f .   The  d o t t e d   c u r v e  

r e p r e s e n t s   t he   s t r e s s - t o - s t r e n g t h   r a t i o  

c h a r a c t e r i s t i c s   of  p a r t s   made  a c c o r d i n g   to  t h e  

p r e s e n t   i n v e n t i o n ,   n a m e l y ,   c o n t i n u o u s l y   g r a d e d  

l a y e r s   a p p l i e d   a c c o r d i n g   to  t h e   p r e v i o u s l y  

d e s c r i b e d   m e t h o d   i n v o l v i n g   c o n t i n u o u s   s u b s t r a t e  

t e m p e r a t u r e  a n d   c o m p o s i t i o n   c o n t r o l .   The  d o t s  

on  the   c u r v e   a r e   a c t u a l   d a t a   f rom  e n g i n e  

h a r d w a r e   p r o d u c e d   a c c o r d i n g   to  t h e   m e t h o d   o f  

U.S .   P a t e n t   No.  4 , 4 8 1 , 2 3 7   in  w h i c h   a  g r a d e d  

l a y e r   is  p r o d u c e d   by  use  of  d i s c r e t e   l a y e r s   o f  

c o n s t a n t   c o m p o s i t i o n   m a t e r i a l .   I t   can   be  s e e n  

t h a t   w h e r e a s   t he   s e a l   made  a c c o r d i n g   to  t h e  



p r i o r   a r t   e n c o u n t e r e d   s t r e s s - t o - s t r e n g t h   r a t i o s  

on  t he   o r d e r   of  80%  of  t h a t   r e q u i r e d   to  c a u s e  

f a i l u r e .   The  maximum  s t r e s s - t o - s t r e n g t h   r a t i o  

e n c o u n t e r e d   by  t h e   s e a l   made  a c c o r d i n g   to  t h e  

p r e s e n t   i n v e n t i o n   i s   s o m e w h a t   l e s s   t h a n   6 0 % .  

T h i s   g i v e s   an  i m p r o v e d   s a f e t y   m a r g i n   w h i c h   i s  

s i g n i f i c a n t   in  v i e w   of  t h e   a p p l i c a t i o n   of  t h e  

c o m p o n e n t .  

A l t h o u g h   t h i s   i n v e n t i o n   has   been   shown  a n d  

d e s c r i b e d   w i t h   r e s p e c t   to  a  p r e f e r r e d   e m b o d i -  

m e n t ,   i t   w i l l   be  u n d e r s t o o d   by  t h o s e   s k i l l e d   i n  

t h i s   a r t   t h a t   v a r i o u s   c h a n g e s   in  form  and  d e t a i l  

t h e r e o f   may  be  made  w i t h o u t   d e p a r t i n g   f rom  t h e  

s p i r i t   and  s c o p e   of   t h e   c l a i m e d   i n v e n t i o n .  



1.  A  m e t h o d   f o r   a p p l y i n g   a  g r a d e d  
c e r a m i c - m e t a l l i c   l a y e r   to   a  m e t a l l i c   s u b s t r a t e  

i n c l u d i n g   t h e   s t e p s   o f :  

a.  p r e h e a t i n g   t h e   s u b s t r a t e   to   an  e l e v a t e d  

t e m p e r a t u r e ;  

b.  a p p l y i n g   a  m e t a l l i c   bond  c o a t ;  

c.  r e d u c i n g   t h e   s u b s t r a t e   t e m p e r a t u r e ;  

d.  a p p l y i n g   a  g r a d e d   m e t a l l i c - c e r a m i c  

l a y e r ,   by  d e p o s i t i n g   a  m u l t i p l i c i t y   o f   t h i n  

l a y e r s   of   m a t e r i a l ,   s a i d   l a y e r s   h a v i n g   a  l a r g e l y  
m e t a l l i c   c o m p o s i t i o n   a t   t h e   bond  c o a t   i n t e r f a c e  

and  a  c o m p o s i t i o n   w h i c h   i n c r e a s e s   in  c e r a m i c  

c o n t e n t   and  d e c r e a s e s   in  m e t a l l i c   c o n t e n t  

t h r o u g h   t h e   t h i c k n e s s   of   t he   g r a d e d   l a y e r ,  

i n c r e a s i n g   t he   s u b s t r a t e   t e m p e r a t u r e   i n  

a p p r o x i m a t e   p r o p o r t i o n   to   t he   c e r a m i c   c o n t e n t  

w i t h   t he   s u b s t r a t e   t e m p e r a t u r e   e x c e e d i n g   t h a t  

a c h i e v e d   in  s t e p   a.  when  t h e   g r a d e d   l a y e r  

c o m p o s i t i o n   is   e s s e n t i a l l y   a l l   c e r a m i c  

w h e r e b y   t he   r e s u l t a n t   p r e s t r e s s e d   g r a d e d  

l a y e r   i s   c a p a b l e   of   r e s i s t i n g   s e v e r e   t h e r m a l  

c o n d i t i o n s   w i t h o u t   f a i l u r e .  

2.  A  m e t h o d   as  in  C l a i m   1  in  w h i c h   t h e   g r a d e d  

l a y e r   c o n t a i n s   one  or   more   r e g i o n s   of  m u l t i p l e  

s p r a y e d   l a y e r s   h a v e   i d e n t i c a l   c o m p o s i t i o n s .  

3.  A  m e t h o d   as  in  C l a i m   1  in  w h i c h   t h e   l a y e r  
is   a p p l i e d   by  p l a s m a   s p r a y i n g .  



4.  A  m e t h o d   as  in  C l a i m   3  in  w h i c h   c o n t r o l   o f  

g r a d e d   l a y e r   c o m p o s i t i o n   is  a c h i e v e d   by  v a r y i n g  

the   r e l a t i v e   f l o w   r a t e s   i n t o   t he   p l a s m a   t o r c h   o f  

a  c e r a m i c   p o w d e r   and  a  m e t a l l i c   p o w d e r .  

5.  A  m e t h o d   as  in  C l a i m   4  in  w h i c h   t he   p o w d e r  

f l o w   r a t e s   a r e   v a r i e d   a c c o r d i n g   to  a  

p r e d e t e r m i n e d   s c h e d u l e .  

6.  A  m e t h o d   as  in  C l a i m   4  in  w h i c h   t he   p o w d e r  

f l o w   r a t e s   a r e   m e a s u r e d   and  c o n t r o l l e d   d u r i n g  

d e p o s i t i o n .  

7.  A  m e t h o d   as  in  C l a i m   1  in  w h i c h   a  l a y e r   o f  

p u r e   c e r a m i c   i s   a p p l i e d   on  t he   g r a d e d   l a y e r .  

8.  A  m e t h o d   as  in  C l a i m   7  in  w h i c h   t h e  

p o r o s i t y   of  t h e   p u r e   c e r a m i c   l a y e r   i s   c o n t r o l l e d  

and  in  w h i c h   t h e   d e g r e e   of  p o r o s i t y   i n c r e a s e s  

w i t h   d i s t a n c e   f rom  t h e   g r a d e d   l a y e r .  

9.  A  m e t h o d   as  in  C l a i m   8  in  w h i c h   p o r o s i t y   i s  

i n d u c e d   in  t h e   c e r a m i c   l a y e r   by  c o - s p r a y i n g   a  

c e r a m i c   p o w d e r   and  a  f u g i t i v e   m a t e r i a l   p o w d e r .  

10.  A  m e t h o d   as  in  c l a i m   1  in  w h i c h   t h e  

d i s t a n c e   b e t w e e n   the   p l a s m a   gun  and  t h e  

s u b s t r a t e   is  v a r i e d   d u r i n g   the   d e p o s i t i o n  

p r o c e s s .  



11.  A  m e t h o d   f o r   p r o d u c i n g   a  g a s   t u r b i n e   e n g i n e  

a i r   s e a l   h a v i n g   a  m e t a l l i c   s u b s t r a t e   i n c l u d i n g  
t h e   s t e p s   o f :  

a.  p r e h e a t i n g   t h e   s u b s t r a t e   to  an  e l e v a t e d  

t e m p e r a t u r e ;  

b.  a p p l y i n g   a  m e t a l l i c   bond  c o a t ;  

c.  r e d u c i n g   the   s u b s t r a t e   t e m p e r a t u r e ;  

d.  a p p l y i n g   a  g r a d e d   m e t a l l i c - c e r a m i c   l a y e r  

by  c o d e p o s i t i n g   a  m i x t u r e   of  m e t a l   and  c e r a m i c  

p a r t i c u l a t e   m a t e r i a l ,   s t a r t i n g   w i t h   a  

p r e d o m i n a t e l y   m e t a l l i c   mix  a t   t he   bond  c o a t  

i n t e r f a c e   and  f i n i s h i n g   w i t h   a  s u b s t a n t i a l l y  

c e r a m i c   c o m p o s i t i o n ,   by  m e a s u r i n g   t h e   f l o w   m a s s  

r a t e s   of  t h e   r e s p e c t i v e   p o w d e r s   d u r i n g   t h e  

p r o c e s s   and  a d j u s t i n g   t h e   m a s s   f l o w   r a t e  

a c c o r d i n g   to  a  p r e d e t e r m i n e d   s c h e d u l e ,   w h i l e  

i n c r e a s i n g   t he   s u b s t r a t e   t e m p e r a t u r e   i n  

a p p r o x i m a t e   p r o p o r t i o n   to   t he   c e r a m i c   c o n t e n t   i n  

t he   m i x t u r e   b e i n g   s p r a y e d   w i t h   t h e   s u b s t r a t e  

t e m p e r a t u r e s   a t   c o n c l u s i o n   of  t h e   g r a d e d   l a y e r  

d e p o s i t i o n ,   s u b s t a n t i a l l y   e x c e e d i n g   t h e  

s u b s t r a t e   t e m p e r a t u r e   a t   w h i c h   t h e   bond  c o a t   w a s  

a p p l i e d ;  

_e.  a p p l y i n g   a  l a y e r   of  p u r e   c e r a m i c   o v e r  

t h e   g r a d e d   l a y e r   by  p l a s m a   s p r a y i n g ,   p r o v i d i n g  

i n t e n t i o n a l   p o r o s i t y   in  t h e   o u t e r   p o r t i o n   of  t h e  

c e r a m i c   l a y e r   by  c o - s p r a y i n g   t he   c e r a m i c  

m a t e r i a l   w i t h   a  f u g i t i v e   m a t e r i a l ,   and  g r a d u a l l y  

r e d u c i n g   t h e   s u b s t r a t e   t e m p e r a t u r e   w h i l e  

d e p o s i t i n g   t he   p u r e   c e r a m i c   l a y e r ;   a n d  



f .   v a r y i n g   t he   d i s t a n c e   b e t w e e n   t h e  p l a s m a  

gun  and  t h e   s u b s t r a t e   d u r i n g   t h e   p r o c e s s   so  a s  

to   p r o d u c e   a  more   d e n s e   c o a t i n g   n e a r   t h e  

s u b s t r a t e   and  a  l e s s   d e n s e   c o a t i n g   away  f rom  t h e  

s u b s t r a t e .  
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